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The rate of inactivation of F1-ATPase, isolated from beef heart mitochondria, by the active acidic form of the natural 
inhibitor protein depends on the ATP concentration. An increase in concentration ofATP to ~ 20/tM leads to a decrease 
in that of the inhibitor protein inducing 50% inhibition of the F1-ATPase during 5 s preincubation (C5o); further increase 
in ATP concentration to l mM causes little, if any, change in Cso. However, the C5o values how a rise at ATP concentra- 
tions higher than 1 mM. This ATP dependence of the inhibitor action may be in agreement with a version of the alternat- 
ing-site binding-change mechanism, which assumes that the two-site catalytic ycle intermediates possessing (i) the prod- 
ucts (ADP+P~) bound in the low-aifinity state at one of the active sites and (ii) an ATP molecule at the other active 
site are the targets for the acidic form of the inhibitor protein. 
ATPase, F~-; Catalytic intermediate; Inhibitor protein 
1. INTRODUCTION 
The mechanism of mitochondrial F1 regulation 
by the natural inhibitor protein (IP) [1] is one of 
the most intriguing problems in bioenergetics 
(review [2]). IP suppresses the activity of F1 after 
binding to one of the three catalytic fl-subunits 
[3-5] and impairs both single-site and multi-site 
modes of catalysis [6]. In the case of membrane- 
bound enzyme, energization affects the interaction 
of IP and F1 and finally abolishes the effect of IP 
on steady-state ATP synthesis (different inter- 
pretations of this phenomenon are summarized in 
[2]). The fact that ATP or any other hydrolyzable 
substrate is required for inhibition of F1 by IP is 
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also well known, although the role of ATP in this 
process remains unclear. Investigations of the lat- 
ter problem are complicated by the recent 
discovery of two states of IP - the active form and 
the inactive (or low-activity) species, intercon- 
verting as a result of protonation/deprotonation 
of some amino acid residue in IP molecules [7,8]. 
Here, the ATP dependence of the action of the 
acidic (active) form of IP on isolated soluble F1 
from beef heart mitochondria has been in- 
vestigated. The results obtained are consistent with 
the alternating-site binding-change mechanism 
[9-11] but argue against he existence of a long- 
lived catalytically active complex of F1 and IP. 
2. MATERIALS AND METHODS 
The sources of chemicals were as described [6], except for 
ATP (disodium salt) which was from Sigma. 
F1 was isolated from beef heart mitochondria ccording to 
Knowles and Penefsky [12]. For experiments, an ammonium 
sulphate suspension of FI was centrifuged and F1 was dissolved 
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in a buffer containing 50 mM sucrose, 20 mM Mops-Tris (pH 
8.0) and 2 mM EDTA and desalted using the column- 
centrifugation method [13] on Sephadex G-50 (fine), pre- 
equilibrated with the same buffer. An equal volume of glycerol 
was added to the eluate, and Ft (40-501zM) was stored at 
- 15oc. 
IP was purified according to a slightly modified [6] method 
of Frangione t al. [14]. The specific activity of IP, assayed as 
in [14], was 25 × 103 U/mg when the protein was determined 
according to Lowry et al. [15] using bovine serum albumin as 
standard. In titration experiments involving IP-depleted sub- 
mitochondrial particles, prepared as in [16] with the modifica- 
tions indicated in [17], the stoichiometry of 1 mol IP per mol 
F~ corresponded to the complete inhibition of FrATPase ac- 
tivity, assuming the F~ content in the particles to be 10°70 of the 
protein. The homogeneity of IP was also confirmed by SDS- 
PAGE. A molecular mass of 360 kDa for F~ or 10.5 kDa for IP 
was used for calculations. 
To obtain IP in the acidic form, 100-150/LM IP in 10 mM 
Mops-KOH (pH 6.9) was supplemented with 1/10 vol. of a 
solution containing 250 mM CH3COOH-KOH (pH 4.4). The 
resulting solution was incubated for 5 rain at room 
temperature, cooled to 4°C and used within 1 day. When 
necessary, the IP solution thus obtained was diluted with a buf- 
fer containing 23 mM CH3COOH-KOH (pH 4.4). 
Inhibition of F] by IP was studied in a medium (final volume 
10 or 20/~1) containing 50 mM Mops-KOH (pH 6.8), 2 mM 
Na2SO3, 50 mM KCI, 3 mM MgCI2, 0.2 mM EDTA, 1 mg/ml 
pyruvate kinase, phosphoenolpyruvate and MgATP. The con- 
centration of phosphoenolpyruvate was 1.5 or 3 mM at 
MgATP concentrations ~< 1 mM or 1>0.1 raM, respectively (in 
the latter case, 2 mM MgC12 was additionally present). 
Throughout he range 0.1-1.0 mM MgATP, the results ob- 
tained did not depend on the concentration of phosphoenol- 
pyruvate. The reaction was initiated by addition of F~. After 
5 s, the acidic form of IP was added for another 5 s and the 
reaction mixture was diluted 10- or 40-fold using a solution of 
1/@M [7-32p]ATP (2-5 X 105 cpm/nmol) in a medium con- 
taining 40 mM Tris-HCl (pH 8.5), 2.5 mM MgCl2, 2 mM 
Na2SO3 and 0.2 mM EDTA. After incubation of the diluted 
mixture for 20 s, [7-32p]ATP hydrolysis was stopped by adding 
2 M HCIO4 to a final concentration of 0.5 M. The unhydro- 
lyzed [7-32p]ATP was removed by charcoal precipitation and 
the radioactivity of 32pi formed was measured as Cherenkov 
radiation. 
3. RESULTS 
As  shown in fig. 1, the acidic fo rm o f  IP  induced 
rapid  inact ivat ion  o f  F1 hydro lys ing  ATP  at pH 
6.8. To  invest igate the degree o f  ef f ic iency o f  the 
act ion o f  IP  over  a wide range o f  ATP  concentra -  
t ions,  F1 was pre incubated  for  5 s in the presence 
o f  IP  at each ATP  concent ra t ion ,  the residual  ac- 
t iv ity o f  the enzyme being then determined  using 
[7-32p]ATP.  The act ion o f  IP  dur ing the 
[y-32p]ATP hydrolys is  step was d imin ished by the 
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Fig. 1. Kinetics of F]-ATPase inactivation i duced by 0.4/zM IP 
in the presence of 0.1 mM ATP. 
hydrolys is  (20 s); (ii) d i lut ion o f  IP  in the 
[7-32p]ATP hydrolys is  step; (iii) h igh pH (8.5) o f  
the d i lut ion med ium (at this pH,  the acidic fo rm o f  
IP  lost its inh ib i tory  act iv i ty with rl/z - 5 s). These 
factors  ensured that  the IP - induced  decrease in Ft  
act iv i ty dur ing [7-32p]ATP hydrolys is  was less 
than 10°70 (ver i f ied in exper iments  w i thout  ATP  at 
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Fig.2. Inactivation of FrATPase during 5 s preincubation i
the presence of IP and ATP. ATP concentration: (A) 0.5 (o), 
2 (e), 4 (o), 10 (#), 20/zM (n); (B) 0.1 (o), 1 (o), 3 (o), 7 (#) 
or 10 mM (t~). 
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Fig.3. ATP dependence of the reciprocal of the IP 
concentration that induced 50°70 inhibition of F1-ATPase 
during 5 s preincubation ((?5o). Cso values were obtained from 
the data in fig.2. 
The curves in fig.2 show the dependence of 
residual Ft activity on the concentration of IP add- 
ed for 5 s in the pre-incubation step. As 
demonstrated in fig.2A, the IP concentration 
which lowered the F1-ATPase activity by 50070 
(C5o) decreased from 8/~M at 0.5/zM ATP to 
0.4/zM at 20/~M ATP. The increase in ATP con- 
centration from 20 to 100/~M did not exert any 
significant effect on the C5o value, however, fur- 
ther increase in ATP concentration resulted in an 
increase in (?50 (fig.2B). In the presence of 10 mM 
ATP the C5o value was > 3/zM. 
Fig.3 summarizes the data of fig.2 and shows the 
dependence of the 1/C5o value on ATP concen- 
tration. 
4. DISCUSSION 
In accordance with the two-step scheme (reac- 
tion l) proposed for the interaction of Fx and IP 
[181: 
k+ 1 k2 
IP + F1 - " IP.F1 ) IP -F*  (1), 
k - t  
the initially formed IP.  F~ complex retains catalytic 
activity and may undergo irreversible isomeriza- 
tion to yield a catalytically inactive IP-F~ com- 
plex. From the data obtained using the alkaline 
form of IP [8] or a mixture of the alkaline and 
acidic forms of IP [19], k2 was evaluated to be 
-0.02 s -1. However, as follows from the data of 
Hashimoto et al. [20], the k2 value for F1 and IP 
obtained from the yeast Saccharomyces cerevisiae 
(the inhibitor form was not indicated) may be 
higher than 0.3 s -~. 
The acidic form of IP was shown to inactivate 
F~-ATPase of submitochondrial particles more 
rapidly as compared to the alkaline species, the 
rate constant for inactivation, kaop, being linearly 
dependent on the concentration of acidic IP and 
equalling 0.25 s -1 at 13/~M IP [8]. As may be seen 
from fig.2, 2/zM IP inactivates F1 by more than 
90°7o during 5 s preincubation over the ATP con- 
centration range 20-100/~M. Since attainment of 
such a degree of inactivation required at least three 
half-times of the reaction to occur, the kapp value 
should be greater than 0.5 s -~. Thus, either the 
catalytically active IP.  F~ complex (reaction 1), if it 
exists, should be short-lived (k2 > 0.5 s- ' ) ,  or in- 
teraction of F1 with the acidic form of IP should 
proceed according to the simple one-step scheme 
[211: 
k!  
IP + F, , I P .Fp  (2). 
Although the present data cannot discriminate 
between these schemes (reactions 1,2), one can 
derive from figs 1,2 a second-order rate constant 
for IP and Fl interaction (k÷l or k ' )  of kapp/[IP] 
or In 2/(C50 × t) (where t is the time of preincuba- 
tion of Ft with IP, 5 s). Calculated in this way, k+t 
is about 4 × 103 M- ' .  s -1 over the ATP concentra- 
tion range 20-100/zM. 
The ATP dependence of k+l (which is propor- 
tional to the 1/C5o value) exhibits a complex pat- 
tern (fig.3) and, at first glance, contradicts the 
assumption [21-23] that some catalytic in- 
termediate of the enzyme is a target for the action 
of IP. Thus, Panchenko and Vinogradov [24] 
observed that the rate of IP-induced inactivation 
of F, was half-saturated at about 5/zM ATP and 
remained unchanged over the ATP concentration 
range 0.02-1.0 mM, while F1-ATPase activity was 
shown to have a Km for ATP of -0.1 mM [25]. 
Proceeding from these results it was suggested [24] 
that the binding of ATP with Kd -- 5/~M at a 
specific (different from catalytic) site is required 
for the productive interaction of the enzyme and 
IP. 
Our results for ATP concentrations < 1 mM 
(fig.3) are in accord with the data of Panchenko 
204 
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and Vinogradov [24]. However, taking into ac- 
count the alternative-site binding-change mecha- 
nism of F1 functioning [10,11], the results obtained 
allow us to propose catalytic cycle intermediates 
which are the target for the action of IP. The two- 
site scheme of the F1 catalytic cycle is represented 
in fig.4 where the substrate and products bound in 
the high-affinity state are denoted by an asterisk 
and the intermediates, the targets for IP action, are 
underlined. One of these intermediates 
(ATP. F1. ADP.  Pi), in which the nucleotides and 
Pi are bound to both catalytic sites in the low- 
affinity state, interacts with IP more rapidly than 
does the second one (ATP*-F1 .ADP-P i )  having 
an ATP bound in the high-affinity state. A char- 
acteristic feature of both these intermediates is the 
existence of ADP and Pi bound to one of the 
catalytic sites in the low-affinity state. 
At each ATP concentration, according to fig.4, 
the k+l value for binding of IP to F~ should be 
determined by the sum of the steady-state concen- 
trations of the intermediates ATP-F I .ADP.P i  
and ATP* -F~.ADP.P i .  After saturation of 
single-site catalysis in F~ with Km for ATP of 
5 -20nM [26,27], the concentration of the 
F1. ADP.  P~ complex is practically independent of 
the ATP concentration and, consequently, the k+~ 
value in the submicromolar ATP range should be 
proportional to the ATP concentration. In the 
micromolar ATP range, the steady-state concen- 
tration of the F~. ADP.  P~ complex decreases due 
to competitive formation of an ATP.  El" ATP* in- 
termediate (as indicated by Cross et al. [28], this 
situation most likely explains the decrease in the in- 
termediate oxygen water/Pi-exchange during ATP 
hydrolysis) and, as a result, the steady-state con- 
centration of the ATP.  F~ .ADP.  Pi intermediate 
(and, consequently, k÷1) ceases to depend on ATP 
concentration. At higher ATP concentrations, the 
steady-state concentration of the ATP.  F~. ADP.  
Pi complex decreases due to the fall in concentra- 
tion of the F1.ATP* complex. However, this is 
compensated by an increase in steady-state concen- 
tration of the ATP* .F ] .ADP-P i  intermediate 
which is also the target for IP. 
The reason for the decrease in k÷l at ATP con- 
centrations > 1 mM is unclear. It should be noted 
that this decrease is not determined by possible 
lowering of pyruvate kinase activity as a result of 
an increase in concentration of Na ÷ introduced 
FI &J~t~: Fr &Tp FI, &T p, ~ -  -ATI~-"'~ A-I P :P'2' 
Fig.4. Kinetic scheme of the F1-ATPase. Asterisks denote 
substrate and products bound in the high-affinity state. 
Underlined species designate intermediates hat are targets for 
the action of tP. 
with ATP and by Cd z÷ and Zn 2÷, possibly con- 
taminating the ATP preparations (Cd 2÷ and Zn 2÷ 
have been reported to lower the rate of F~ inactiva- 
tion by IP [19]), since neither 20 mM Na ÷ (the con- 
centration that was added with 10 mM ATP) nor 
1 mM Zn 2÷ was found to affect the inactivation of 
F1 by IP in the presence of 0.1 mM ATP. The lat- 
ter result is in contradiction with the data of Cher- 
nyak et al. [19] and means that, at least in the case 
of the active acidic form of IP, Zn 2÷ (and, 
possibly, Cd 2÷) does not affect the interaction of 
F1 and IP. The rate of association of IP and F1 was 
reported to decrease with increasing ionic strength 
[21]. Since the preincubation medium is of high 
ionic strength (see section 2), an increase in ionic 
strength due to a rise in MgATP concentration ap- 
pears unlikely to be the cause of the decrease in k+~ 
observed at high ATP concentrations. It may be 
speculated that the fall in k+~ at high ATP concen- 
trations results from a decrease in steady-state con- 
centration of the ATP*.  F1. ADP.  Pi intermediate 
(fig.4) owing to the possible transition of 
F1-ATPase to three-site catalysis. 
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